T HE ADRENOMEDULLIN (AM) GENE (1) belongs to the calcitonin superfamily of peptides, which also includes calcitonin, calcitonin gene-related peptide (CGRP), amylin, and intermedin (2, 3) . These peptides are grouped by virtue of their strict conservation of an amidated C terminus and an intramolecular disulfide bond that forms an amino acid ring structure. Both features are required for biological activity of the peptides. The mammalian AM gene remains highly conserved throughout evolution (4) , implying an essential function for the peptide. Moreover, three species of teleost fish appear to have an expanded complement of AM-like peptides, and this level of gene diversity in fish supports the notion that AM plays numerous roles in the complex physiology of higher model organisms (4) .
AM is most closely related to intermedin (also referred to as AM2) and CGRP. In fact, the three peptides bind and activate the same G protein-coupled receptor to elicit similar signal transduction pathways and physiological responses in a variety of cell types. Thus, it remains unclear what distinctive roles, if any, exist for these peptides in mammals. The phenotype of AM null mice (5) is categorically different than that of ␣CGRP null mice (6, 7) , suggesting that these peptides play distinct roles in the whole animal. However, due to an evolutionary gene duplication on chromosome 7, there exist two CGRP genes in mice, so that the generation of double-knockout mice for both ␣CGRP and ␤CGRP is needed before making this definitive conclusion. Targeted deletion of the intermedin gene has yet to be described. Thus, future gene knockout studies in mice and the study of the expanded complement of AM-like peptides in fish (8) should help to elucidate the combined physiological effects of this peptide family.
AM gene expression is broadly distributed throughout most organs during both embryonic development and adulthood and is most highly expressed in endothelial cells and vascular smooth muscle cells (9, 10). Consequently, highly vascularized tissues, such as the placenta, lung, heart, and kidney, tend to produce elevated amounts of AM peptide that can be further stimulated by inflammatory cytokines. In the blood, AM peptide circulates bound to AM-binding protein-1 (also called complement factor H) as a possible way to stabilize and direct the peptide to sites of receptor expression (11, 12) . Little is known about the metabolism and clearance of AM, but current studies suggest that AM may be metabolized by neutral endopeptidase (13) and cleared in the lung (14) .
The cellular signaling mechanisms through which AM mediates its functions vary among species, vascular beds, and arterial vs. venous vessels, but generally involve cAMP, NO, and Ca-dependant mechanisms (15). As depicted in the top panel of Fig. 1 , AM binding can activate Gs to increase cellular cAMP levels and activate cAMP-dependant protein kinase in smooth muscle cells and endothelial cells. The antiapoptotic effects of AM peptide in myocardial cells have been linked to the phosphatidylinositol 3-kinase/ Akt pathway. Finally, in endothelial cells, the MAPK cascade can also be activated by AM. The putative roles these signaling pathways play in cardiovascular disease have been recently reviewed (16). It is probable that combinations of second messenger pathways are responsible for mediating the complex biological effects of AM in different cell types.
A MULTIFUNCTIONAL PEPTIDE
The best-characterized function of AM is as a potent vasodilator (17). Infusion of AM in humans (18-23) and in several species of experimental animals (1, 24-29) causes a prolonged, dose-dependant vasorelaxation and hypotension. However, the precise amount of circulating AM peptide needed to elicit a systemic effect on blood pressure remains unclear. An early study in which healthy human volunteers were iv infused with AM for brief 10-min increments showed that a 40-fold increase in plasma peptide levels was required to induce a change in heart rate and blood pressure (23). Another study showed that infusing physiological levels of AM (2-10 pM) could reduce arterial blood pressure if administered over a longer period of time (21). No changes in heart rate, plasma hormone levels, urinary indices or cAMP levels were detected after this low dose, demonstrating that AM has potent and direct effects on vascular vasodilation. A subsequent study by the same group showed that slightly higher doses of AM could elevate renin and norepinephrine levels as well as increase heart rate and cardiac output and decrease arterial blood pressure (22). Taken together, these results show that modest increases in plasma AM peptide levels can have significant systemic effects, yet the dose, route, and duration of exogenous administration can significantly impact the results. Moreover, because AM naturally exists as a serum-bound paracrine hormone, it is likely that bolus infusion of native peptide may not effectively recapitulate the endogenous functions of the peptide. Consequently, it remains an important issue to determine whether basal levels of endogenous AM contribute to the establishment and maintenance of basal vascular tone and blood pressure.
The multiple physiological and cellular effects of AM peptide are summarized in the bottom panel of Fig. 1 and have been comprehensively reviewed by others (10, 17, 30, 31). Numerous studies point to either positive or negative inotropic effects of AM on myocytes (32-34) in addition to inhibition of myocyte protein synthesis and cardiac fibroblast proliferation (35, 36), which together support a role for AM in heart contractility and development (37, 38). AM is also an angiogenic factor (39) that is induced by hypoxia (40) and can alter the permeability of vascular endothelial cells (41). The coupling of these functions with the potent effects of AM on cell migration, growth, and apoptosis have led to the hypothesis that AM may be a key player in tumor growth and metastasis (42, 43). AM may also contribute to blood volume regulation through its natriuretic and diuretic functions in the kidney and its effects on central nervous system control of thirst and salt appetite (43-45). Finally, AM is highly expressed in the skin and oral mucosa, and this expression pattern has been linked to its potent effect as an antimicrobial peptide (46) . It is therefore clear that AM is a multifunctional peptide that can exert many important and interrelated biological functions under both normal and disease conditions.
AM IN DISEASE
Soon after the discovery of AM (1), clinician scientists began measuring the plasma levels of the peptide in a multitude of different human diseases and conditions. It was rapidly recognized that elevated plasma AM was a predictive indicator of many disease states and that increases in these levels generally correlated with the severity of the disease. However, with more than 60 such clinical papers describing elevated plasma AM levels in such a wide variety of conditions, it seems unlikely that AM is playing a causative role in all of these disease processes. Therefore, we undertook a summary analysis of current clinical papers and grouped the observations into the following broad categories: cancer, cardiovascular, diabetes/obesity, endocrine, hepatic and renal, pulmonary, normal pregnancy, pregnancy complications, and sepsis. The references are provided as categorical lists published as supplemental data on The Endocrine Society's Journals Online web site at http://mend.endojournals.org. The results of our analysis, shown in Fig. 2 , allow us to draw several conclusions, which cannot be gleaned from any single clinical paper, and shed new insights into the potentially more significant functions of AM in normal and disease physiology.
First, the categories of cardiovascular disease and hepatic/renal disease share the greatest number of published observations that demonstrate a positive correlation between increased AM plasma levels and disease severity. Simply put, this wealth of supporting evidence provides a compelling argument that, although modest, increases in plasma AM are likely an accurate reflection of homeostatic responses elicited by AM during cardiovascular and renal stresses. The cellular signaling mechanisms of AM function have mostly been studied in cells of the cardiovascular system, including vascular smooth muscle cells, endothelial cells, and cardiac myocytes. These combined cellular effects lead to numerous physiological outcomes that are interrelated within the whole animal. AC, Adenylate cyclase; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A.
Second, we find that the mean fold change in plasma AM levels between healthy patients and those with any variety of conditions (excluding sepsis) is 2.3. Although it is unclear whether this modest increase in plasma levels is robust enough to elicit a systemic response, it is probable that it is a reflection of localized homeostatic responses to altered cardiovascular status or infection.
Third, the highest increases in plasma AM levels occur during sepsis (20-to 40-fold normal values) and during the course of a normal pregnancy (3-to 5-fold prepregnancy values). These plasma levels are well within the range in which AM elicits a systemic response and may reflect an endocrine or hormonal function of AM signaling during these conditions. Finally, in contrast to the average 2-fold increase observed in most disease states, complications of pregnancy (including preeclampsia, fetal growth restriction, and gestational diabetes) are generally characterized by a failure of induced AM plasma levels, which normally occurs during the course of a pregnancy. Thus, unlike the homeostatic compensations described for most disease conditions, a failure of elevated AM plasma levels during pregnancy may actually be causative of disease and result in poor reproductive outcomes.
AM SIGNAL TRANSDUCTION
The mechanism through which AM peptide transduces its cellular effects represents a novel paradigm in G protein-coupled receptor (GPCR) signaling. For many years, identifying a bona fide AM receptor was complicated because at least three different orphan receptors could bind to AM with relatively similar affinities and elicit a dose-dependant cAMP response (47) (48) (49) (50) (51) (52) . However, the results for these putative receptors varied widely among different cell types and in their specificity for AM activity vs. CGRP activity. These complications were finally resolved with the identification and cloning of a novel class of GPCR activity-modifying proteins (RAMPs), which associated with the most likely candidate receptor, calcitonin receptor-like receptor (CLR, formerly called CRLR) to dictate its ligand binding specificity. As depicted in Fig. 3 , McLatchie et al. (53) demonstrated that association of RAMP1 with CLR results in a receptor that binds preferentially to CGRP whereas association of CLR with RAMP2 or RAMP3 confers preferential AM binding. Thus, the spatial and temporal expression of RAMP proteins determines how a cell or tissue will sense and respond to either extracellular AM or CGRP.
Fig. 2. Fold Change in Plasma AM Levels in a Variety of Human Conditions
Bars indicate average fold change in circulating AM levels in various disease categories or conditions based on published human clinical data. References used for this analysis are provided in categorical lists published as supplemental data on The Endocrine Society's Journals Online web site. The horizontal line at 2.3 represents the average fold increase in plasma AM levels across all conditions (excluding sepsis). **, P Ͻ 0.007 between pregnancy and all other disease conditions (excluding sepsis). ##, P Ͻ 0.001 between normal pregnancy and pregnancy complications. *, P Ͻ 0.05 between sepsis and all other conditions. Number on each bar indicates the number of published observations assessing plasma AM levels in each category.
Given this new paradigm in GPCR signaling, it is not surprising that many pharmaceutical companies and receptor signaling laboratories are studying the pharmacological and biochemical properties of the RAMPreceptor interaction in the hopes of exploiting the RAMPs as potential drug targets for the treatment of human diseases related to either AM or CGRP physiology (54) . Particularly exciting is BIBN4096BS, a nonpeptide CGRP antagonist that acts at the extracellular interface of the RAMP1-CLR protein interaction (55) and is currently in clinical trials for the treatment of migraine (56, 57) .
The biochemistry and pharmacology of the RAMPreceptor interaction have recently been extensively reviewed by Hay et al. (58) . Although the three mammalian RAMPs vary greatly in sequence homology (Ͻ30%) and tissue distribution (53, 59) , they share a similar molecular mass (160 amino acids) and structure, which consists of a long extracellular amino terminus, a single transmembrane domain, and a short cytoplasmic carboxy terminus. The RAMPs have a broader tissue distribution than AM and CLR, which likely reflects the fact that RAMPs can interact with other class II GPCRs such as calcitonin (60), vasoactive intestinal peptide/pituitary adenylate cyclase activating peptide 1, glucagon, PTH 1 and 2 receptors (61), and a class III GPCR called calcium-sensing receptor (62) . Large scale, tissue-specific analysis of the human and mouse transcriptomes reveals that RAMP2 is among the top 10 genes the expression pattern of which correlates with that of CLR, suggesting that most CLR is complexed with RAMP2 to form a functional AM receptor (4, 63) .
Even though temporal and spatial gene expression profiles of the RAMPs can be a useful tool for predicting potential receptor interactions and physiological functions, pharmacological data are additionally needed to confirm the identity and function of a proposed receptor and/or peptide. To date, most pharmacological studies of RAMPs have been performed through heterologous cell culture-based systems using CLR as the GPCR of interest. The transmembrane domain of the RAMPs, the most highly conserved region across species, is required for the formation of a stable heterodimer with CLR within the endoplasmic reticulum and Golgi (64) . The complex remains stable through localization at the plasma membrane, ligand binding, receptor activation, internalization, and receptor degradation or recycling (58) . The use of chimeric RAMP1/2 proteins has shown that their long, extracellular NЈ-terminal tail confers a specific ligandbinding domain with the unusually extended NЈ-terminus of CLR (a feature that is common among class II GPCRs, illustrated in Fig. 2 ) (65) (66) (67) . Given the relatively small size of the RAMPs, however, it is possible that these different domains do not act autonomously but rather interact together to mediate both receptor interaction and ligand binding affinities (58) . RAMPs convey receptor specificity by heterodimer formation with CLR in the endoplasmic reticulum followed by localization to the plasma membrane. The association of CLR with a RAMP determines the specificity of ligand binding. This, a CLR/RAMP1 heterodimer (green) binds preferentially to CGRP, whereas association of CLR with either RAMP2 (dark red) or RAMP3 (light yellow) results in preferential binding to AM.
The short, intracellular C-terminal domain of the RAMPs represents a potential interface for interaction with other intracellular molecules, which may govern either receptor trafficking, degradation, or recycling processes that are distinct among the different RAMPs. McLatchie et al. (53) first proposed that the C terminus of RAMP1 and RAMP3 may contain putative endoplasmic retrieval signals (ERS), and this was functionally confirmed by Steiner et al. (64) for CLR/RAMP1. Kuwasako et al. (68) also showed that truncation of RAMP2 in the equivalent ERS domain resulted in retention of CLR/ RAMP2 in the endoplasmic reticulum, whereas truncation of the RAMP1 ERS domain altered CGRP binding without affecting cell surface expression. Thus, there appear to be functional differences among the conserved domains of the RAMP Cterminal tails.
The C-terminal domain of human (h) RAMP3, unlike RAMP1 and RAMP2, also contains a type 1 PDZ recognition motif at residues 145-148, which suggests a potential role in regulating receptor trafficking after agonist stimulation (10). An elegant study was carried out by Bomberger et al. (69) in both human embryonic kidney (HEK)293 cells, transfected with bovine CLR and hRAMP3 (hRAMP3), and in human proximal tubule cells that endogenously express human CLR and hRAMP3. The hRAMP3 PDZ domain interacted in both cases with Na ϩ /H ϩ exchange regulatory factor (NHERF), resulting in inhibition of receptor internalization. As expected, deletion of this domain resulted in decreased cell surface expression while not affecting agonist binding (68) . This same group also found that the hRAMP3 PDZ motif could also interact with Nethylmaleimide-sensitive factor (NSF) to promote slow recycling of bovine CLR/hRAMP3, in transfected HEK293 and in endogenously expressing rat mesangial cells as measured by radioligand binding assays and adenylate cyclase activity (70) . In contrast, Kuwasako et al. (68) recently showed that overexpression of NSF did not alter cell surface expression of AMmediated trafficking of human CLR/hRAMP3 in stably transfected HEK293 cells. Discrepancies between these two studies could be due to differences between assay techniques, stable vs. transient transfections, or the use of different species forms of CLR (bovine vs. human). Indeed, as reviewed by Kuwasako et al. (72) and demonstrated by Hay et al. (71) , there is marked variation in the pharmacological properties of CLR/ RAMP complexes from different species. In a broader sense, it is also worth considering that although hRAMP3 contains a conserved PDZ recognition motif, rodent RAMP3 does not, and so the effects of RAMPs on receptor trafficking may vary between species. Thus, more studies need to be performed to address the role of the C-terminal domain of RAMPs in receptor complex formation and plasma membrane targeting. In addition, potential differences in downstream signal transduction events that may be mediated by the various RAMPs have not yet been proven.
RAMP GENE EXPRESSION IN HEALTH AND DISEASE
As recently summarized in table format by Hay et al. (58) , very few studies have associated the expression of RAMP-receptor components in specific cells or tissues with peptide pharmacology or physiology. Because simple gene expression analysis is not always predictive of protein function, this type of analysis is crucial to better our understanding of RAMP-receptor function. This is particularly challenging given that multiple RAMPs may interact with multiple GPCRs within the same cell, possibly at different subcellular locations. In a similar vein, correlations between the biochemical observations previously described and the dynamic changes in the expression of RAMP gene expression that take place during disease will be equally challenging. But, with the added benefit of making these types of comparisons between normal and disease states and in the same cells and tissues in which AM peptide is elevated, some enlightening predictions may be made about the function of and responsiveness to AM signaling during normal and disease physiology.
Microarray-based, large-scale analysis of the human and mouse transcriptomes for 46 human and 45 mouse tissues [http://symatlas.gnf.org/SymAtlas/, (63) ] reveals that RAMP2 is relatively equally distributed among most tissues, with the notable exception of very high expression levels in the lungs, female reproductive tissues (placenta, uterus, umbilical cord, and ovary), and adipocytes. Moreover, this pattern of tissue-specific expression is conserved between human and mouse and, as previously mentioned, correlates highly with the expression pattern of human and mouse CLR. RAMP3 gene expression in humans is also distributed evenly across most healthy tissues, but is most robust in the lung, followed by the thyroid and heart. In contrast, high levels of RAMP3 expression in mice are restricted to female reproductive tissues including the uterus, ovary, and placenta. This species-specific difference in basal RAMP3 levels may be a consequence of the endocrine status of the tissues collected for human vs. mouse samples (especially for the estrogen-sensitive, cycling uterus) or, alternatively, may reflect different physiological functions of RAMP3 between humans and mice.
Modest changes in RAMP gene expression have been demonstrated in many cell types and tissues for a variety of different cardiovascular conditions including, most notably, heart failure, myocardial infarction, hypertension, renal failure, and hypoxia. These data have been summarized in table format in two recent review articles (72, 73) . For the majority of these studies the authors focused on the expression of CLR and RAMP2, because these proteins represent the most likely signaling complex for transducing AM biological activity. Although there are some variations among studies, most in vivo models of induced cardiovascu-lar disease show a modest increase in RAMP2 gene expression levels in target tissues, and occasional changes in RAMP1 and RAMP3 expression. Hopefully, as the biochemistry of the CLR/RAMP3 complex becomes more clear, future investigations will include a comparative assessment of all known AM signaling components. Nevertheless, from the currently available data, it is tempting to speculate that modest, tissue-specific alterations in RAMP gene expression are associated with altered tissue responsiveness to locally increased AM peptide as a potential mechanism for protecting tissues against disease damage. It remains to be determined whether AM peptide itself contributes to the dynamic modulation of RAMP and CLR receptor expression.
It is worth noting that the most robust changes in RAMP and CLR expression levels coincide precisely with those situations in which plasma AM is most elevated, i.e. pregnancy and sepsis (see Fig. 2 ). For example, robust changes in RAMP gene expression occur in female reproductive tissues during the estrous cycle and pregnancy. Thota and Yallampalli (74) showed that the expression of all three RAMPs is elevated in pregnant vs. nonpregnant rat uterus. During normal pregnancy in rats, the uterine arteries and placenta were found to have high levels of CLR and RAMP1 expression, although RAMP2 and RAMP3 were not evaluated (75, 76) . In contrast, in women with preeclampsia, the umbilical arteries and uterine muscle were found to have decreased levels of RAMP1 (77) and CLR and RAMP2 (78, 79) when compared with normal pregnant control samples. Using comparative microarray-based technology in wild-type and estrogen receptor knockout mice, Hewitt et al. (80) recently found that RAMP3, with a 43-fold increase, was one of the most potently induced genes in the uterus of wild-type mice treated with estrogen. Other studies have shown that regulatory regions of both the AM and RAMP3 genes contain estrogen response elements that bind estrogen receptor in chromatin immunoprecipitation assays and, furthermore, that the expression of these genes could not be stimulated by estrogen in estrogen receptor-␣ null mice (81) . Taken together, results from these expression studies provide a molecular signaling mechanism, in part regulated by sex steroids (81, 82) , that is capable of directing the complex modulation of AM responsiveness in reproductive tissues during estrous and pregnancy and, if altered, may lead to complications of pregnancy such as preeclampsia.
Recent studies by several groups have also confirmed a dynamic and robust change in the expression of RAMPs and CLR during sepsis, the pathological condition in which plasma AM is most elevated. Ono et al. (83) found that RAMP3 message levels were increased approximately 40-fold at the same time that CLR and RAMP2 expression levels were reduced by 95% in the lungs of mice treated with bacterial lipopolysaccharide (LPS) for 12 h. Using a polymicrobial model of sepsis, Ornan et al. (84) also showed that RAMP3 expression is markedly elevated in lungs during the early hyperdynamic stage of sepsis, but not in the later hypodynamic phase. This group also found that pulmonary clearance of AM is reduced in the hypodynamic phase (85) . Although plasma AM levels are elevated continuously throughout sepsis, AM may be primarily acting in the early hyperdynamic response because transition to the later hypodynamic phase is associated with marked reduction in CLR and RAMP2 gene expression (86) and reduction of AM binding protein-1 (87) , which ultimately result in reduced vascular responsiveness to systemic AM. Finally, Nagoshi et al. (88) found that TNF-␣ significantly reduced the expression of CLR, RAMP1, and RAMP2 in cultured human coronary artery smooth muscle cells in a timeand dose-dependent manner, with no effect on RAMP3 levels. Taken together, these studies indicate that during septic shock there are dynamic changes in the expression of genes involved in AM signaling, particularly involving a switch from RAMP2 to RAMP3 expression, which may underlie the marked increases in plasma AM and/or represent an altered responsiveness to AM peptide.
Thus, as illustrated in Fig. 4 , combined clinical, genomic, biochemical, and pharmacological data can provide an elegant model for altered AM tissue responsiveness. In most human and rodent tissues that are responsive to AM peptide, RAMP2 is predominantly expressed in the basal state whereas expression levels of RAMP3 remain relatively low (89, 90) (top panel of Fig. 4 ). However, under certain conditions or disease states such as pregnancy and sepsis (when AM gene expression is markedly up-regulated), the expression of RAMP3 is dramatically increased while, at the same time, the gene expression of RAMP2, and often CLR, is markedly down-regulated in target tissues (bottom panel of Fig. 4 ). Based on biochemical evidence, possible outcomes of increased RAMP3 levels are to switch the cell from a highly AM-responsive state (RAMP2 expression) to one that has blunted AM responsiveness (RAMP3 expression) by virtue of the fact that NHERF-bound CLR/RAMP3 will remain desensitized at the plasma membrane. Perhaps in conjunction with this mechanism, NSF binding to the CLR/RAMP3 complex may be important for maintaining a low level of AM responsiveness, or alternatively, for acting as a rapid clearance mechanism for excess extracellular peptide levels through receptor recycling. It is also possible that the CLR/RAMP3 complex may elicit a different intracellular second messenger response than the CLR/RAMP2 complex, although data to confirm this hypothesis do not yet exist. Finally, it must be considered that robust up-regulation of RAMP3 gene expression may be occurring for reasons that are completely independent of AM and CLR signaling, such as modulating the function or trafficking of other GPCRs. A few recent studies have shown that the gene regulation of AM, CLR, and RAMPs can have shared stimuli such as oxygen tension, endocrine hormones, and inflammatory cytokines (40, 80-82, 91, 92). Thus, future studies in cell-based systems and animal models should continue to address the mechanisms that coordinately regulate AM, CLR, and RAMP gene expression.
GENETIC MOUSE MODELS
The recent use of genetic engineering approaches in whole animal systems has validated the most predictable biological functions of AM in developmental, cardiovascular, and reproductive physiology. As described in detail below, it is perhaps no coincidence that the most readily observed phenotypes precisely parallel the predicted functions of AM that have been gleaned from clinical, genomic, and biochemical data.
AM in Embryonic Development
As predicted by the fact that the AM gene is highly conserved from starfish to humans (93) , classical gene knockout approaches have proven that the AM gene is essential for survival. We found that AM Ϫ/Ϫ mice failed to survive beyond embryonic d 14.5 (E14.5). Their lethality was associated with extreme hydrops fetalis as well as developmental defects of the heart and arterial vasculature (5) . The requirement of AM peptide for embryonic development was similarly supported by AM gene-targeted null mice from two other independent laboratories (94, 95) .
To provide in vivo genetic evidence for the molecular identity of a bona fide AM receptor, we recently generated mice with a targeted deletion of the gene that encodes the CLR receptor, Calcrl (96) . Like AM, CLR is also essential for survival because Calcrl Ϫ/Ϫ embryos die between E13.5 and E14.5. Significantly, the Calcrl Ϫ/Ϫ embryos precisely phenocopy the previously described AM Ϫ/Ϫ mice, including the presence of hydrops fetalis, thin vascular walls, and smaller hearts. Additional studies on the growth and proliferation of cardiovascular tissues were also in keeping with in vitro studies that suggested a role for AM signaling in cardiac myocyte and vascular smooth muscle cell growth and proliferation (35, 36). Thus, the Calcrl gene-targeted model provides the first in vivo and genetic evidence to support the notion that CLR functions as an AM receptor during development.
Czyzyk et al. (97) recently published another interesting report that corroborates the essential role of AM signaling during embryonic development. In their study, the authors used gene targeting to generate a mouse line lacking the gene that encodes for peptidyglycine ␣-amidating monooxygenase (PAM), the sole enzyme involved in peptide amidation in the mouse. Mice lacking PAM suffer from embryonic lethality, edema, and cardiovascular defects that are almost identical phenocopies of the AM and Calcrl knockout models. The authors conclude that loss of AM peptide amidation, which is normally required for full biological activity of the peptide, results in a loss of AM function, probably by reducing its ability to bind to its receptor(s). It is likely that inactivation of AM is the primary cause of the observed phenotype in PAM null mice because other knockout models for amidated peptides exist in which similar phenotypes are not observed. In conclusion, a strikingly similar phenotype is recapitulated in three separate gene knockout models that cause disruption of AM signaling, demonstrating the critical importance of AM signaling in embryonic and cardiovascular development.
AM in Pregnancy and Fertility
Many recent studies in animal models and humans point to a potential role for AM in pregnancy. These data have been extensively reviewed in two recent articles (98, 99) . Pregnancy is associated with increased maternal blood volume and cardiac output and reduced vascular resistance and systemic blood pressure, which are required to maintain the low-resistance placental blood flow for appropriate maternal-fetal exchange of nutrients and wastes. The placenta itself is a highly vascularized organ, which, if defective, underlies many pathological complications of pregnancy such as preeclampsia, fetal growth restriction, placenta previa, and placenta accreta. AM is highly expressed by both the receptive maternal uterine wall and the fetal trophoectoderm at the time of implantation (100), suggesting that signals from both mother and fetus may be important for implantation and subsequent placentation. Our recent reproductive studies in female AM ϩ/Ϫ mice have strongly supported this notion by demonstrating that a modest 50% reduction in maternal AM gene expression leads to profound defects in fertility, characterized by abnormal implantation, placentation, and fetal growth (100). The contribution of fetal AM was also substantiated because AM Ϫ/Ϫ embryos more often displayed fetal growth restriction than either AM ϩ/Ϫ or AM ϩ/ϩ embryos. Significantly, placentas from growth-restricted embryos showed defects in trophoblast cell invasion that are similar to defects that underlie human preeclampsia and placenta accreta. Finally, in our preliminary reproductive studies of Calcrl ϩ/Ϫ females (96), we have also observed a significant decrease in litter size (Dackor, R. T., and K. M. Caron, unpublished observation), demonstrating that multiple genetic components of AM signaling contribute to normal pregnancy and fertility. The fact that these reproductive phenotypes occur on a heterozygote background raises the possibility that genetically inherited perturbations in AM signaling may affect reproductive outcomes in humans. Moreover, the pharmacological modulation of uterine AM responsiveness during implantation may prove to be an effective treatment for early pregnancy disorders.
AM in Cardiovascular Protection
Because AM Ϫ/Ϫ mice are embryonic lethal, several laboratories have focused their phenotyping efforts on the viable AM ϩ/Ϫ mice as a model of compromised AM gene expression, as this situation may occur in the human population due to genetic polymorphisms in the AM gene (101) . It is increasingly evident that an important role for endogenous AM signaling is to protect cardiovascular tissues, specifically the heart and kidneys, from organ damage after cardiovascular stresses such as hypertension and associated cardiac hypertrophy, myocardial infarction, heart failure, and atherosclerosis (72, 102) . AM ϩ/Ϫ and AM-overexpressing transgenic mice have been used to demonstrate protective effects of AM on heart and renal tissue after aortic banding (103) , angiotensin II infusion (103, 104) , bilateral renal artery clamping (105) , and atherosclerosis (106) . In general, these studies showed that AM ϩ/Ϫ mice suffered greater degrees of cardiac hypertrophy and fibrosis and renal dysfunction with glomerular sclerosis after induced cardiovascular stress. In contrast, a transgenic mouse line that expresses rat AM from a murine preproendothelin-1 promoter results in a 2.3-fold increase in plasma AM levels that caused a decrease in blood pressure (107) . In these transgenic mice, expression of rat AM in the glomeruli and arterioles of the kidney resulted in less renal damage after induced renal ischemia (105) .
Another recent study characterized the effects of mRAMP2 overexpression in smooth muscle cells and found that although the transgenic mice had no differences in basal or induced blood pressure, infusion of AM peptide caused a greater degree of hypotension in the RAMP2 transgenic compared with control animals, likely due to the fact that mesenteric and cutaneous resistance vessels were sensitized to AM in the RAMP2 transgenic line (108) . These studies imply that CLR/RAMP2 heterodimers may be an effective and selective target for therapeutic approaches for the treatment of hypertension and other vascular related disease.
Along those lines, Chao and colleagues (109) have shown that adenovirus-mediated gene therapy of human AM improved the cardiovascular and renal disease associated with two hypertensive rat models; the Dahl salt-sensitive hypertensive rat, and the deoxycorticosterone acetate-salt hypertensive rat (110) . Taken together, these studies indicate that endogenous AM plays a protective role against organ injury after numerous types of cardiovascular stresses and provide a solid framework for the use of AM or AM-modulating compounds in the treatment of cardiovascular diseases.
AM in Sepsis
During septic shock, a systemic inflammatory condition often resulting in fatal end-organ damage, plasma AM levels are higher than in any other pathological condition (111) . LPS and inflammatory cytokines induce AM gene expression in various tissues and cell types, which likely contributes to the extreme vasodilation and low blood pressure that occurs in the early stages of septic shock (112) . Through its local vasodilatory effects, AM may limit hypoxic injury of tissues in addition to providing antiinflammatory (113), bactericidal (114) , and positive inotropic properties (102) , all of which are beneficial in the septic response. Consequently, in AM-overexpressing transgenic mice, LPS treatment induced less severe hemodynamic and inflammatory responses, less liver damage, and lower mortality rates than in control animals (107) . These studies in genetically engineered animals clearly show a beneficial effect of enhanced AM production during septic shock and provide a rationale for the remarkable elevations in plasma AM levels observed in human patients with septic shock.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
Although there is a wealth of scientific exploration and literature on the topic of AM and AM signaling from clinical, genomic, biochemical, and pharmacological sources, we are only beginning to understand the ultimate function of AM in normal and disease physiology. In this article we have attempted to link clinical observations to other supportive data from biochemical signal transduction mechanisms, genomic expression analysis, and mouse models phenotypes to provide an in-depth level of analysis toward defining the more pertinent roles of AM during normal and disease physiology. Whereas it is evident that AM plays a protective role against local cardiovascular injury, it is also becoming apparent that robust induction and modulation of AM signaling may impact significantly on pregnancy and sepsis. Specifically, dynamic modulation of RAMP gene expression may provide a novel and biologically elegant mechanism for altering tissue responsiveness to AM. However, the eventual physiological significance of this modulation will be best addressed in future genetically engineered mouse models. Thus, the field of AM signaling will certainly continue to expand at an exciting pace as we learn more about the function of this multifunctional signaling system in normal and disease physiology. 
